Intravital microscopy (IVM) is an imaging tool that is capable of detecting subcellular signaling or metabolic events as they occur in tissues in the living animal. Imaging in highly scattering biological tissues, however, is challenging because of the attenuation of signal in images acquired at increasing depths. Depth-dependent signal attenuation is the major impediment to IVM, limiting the depth from which significant data can be obtained. Therefore, making quantitative measurements by IVM requires methods that use internal calibration, or alternatively, a completely different way of evaluating the signals. Here, we describe how ratiometric imaging of genetically encoded biosensor probes can be used to make quantitative measurements of changes in the activity of cell signaling pathways. Then, we describe how fluorescence lifetime imaging can be used for label-free measurements of the metabolic states of cells within the living animal.
Introduction
Intravital microscopy (IVM) has become an essential tool for evaluating cellular physiology in the context of the living animal [1] . This method uses two-photon excitation (2PE) to gain access to the cellular environments within living tissues that are not typically accessible by conventional microscopy. The physics that underlies 2PE is described in detail elsewhere [2, 3] , but it is important to emphasize two key points here. First, the near infrared illumination used in IVM allows deeper penetration of the excitation light into highly scattering tissues. Second, because of the quadratic dependence of the 2PE process, the fluorescence emissions emanating from cellular sources are limited to the focal plane. This makes IVM uniquely capable of detecting subcellular signaling or metabolic events as they occur within a complex tissue in the living animal. However, depth-dependent signal attenuation remains a major limitation to intravital imaging, and is very dependent on the scattering characteristics of different biological tissues. Therefore, intravital imaging in a particular tissue is limited to depths where it is possible to obtain reasonable signal-to-noise.
The use of IVM to detect specific cellular events in intact organs presents some unique challenges. A primary challenge is maintaining the physiological welfare of the animal while on the microscope stage. Generally, the tissue of interest must be surgically exposed, requiring high standards of practice for anesthesia and delicate surgery. The anesthetized animal is placed on the microscope stage where its temperature must be maintained with a heating pad and continuously monitored. The surgically exposed organ is secured to a glass-bottomed dish on the environmentally controlled microscope stage to reduce motion artifacts caused by respiration and the beating of the heart. If necessary, the image collection is gated to the respiration to minimize the motion artifacts, and distortions in the collected images can be corrected in the digital image analysis [4, 5] .
Another substantial challenge for fluorescence imaging generally, and IVM in particular, is the quantitative analysis of the optical signals. When imaging in highly scattering biological tissues, both the excitation light and the emission signal are attenuated in a wavelength-and depth-dependent fashion.
This reduces the effective excitation power at the focal plane, while creating a higher detection threshold [6, 7] . The loss of signal prevents the direct comparison of intensities acquired at different depths in a tissue. The degradation of signal-to-noise limits how deep IVM can image into a tissue, and quantitative measurements require the use of probes that are internally calibrated, such as the biosensor probes. We will describe how ratiometric imaging of genetically encoded biosensor probes can be used in IVM to obtain quantitative measurements of changes in cell signaling pathways.
Alternatively, IVM can exploit a completely different way of evaluating the signals to achieve quantitative measurements of cellular events. We will describe how fluorescence lifetime imaging can be used for label-free measurements of metabolic events within cells in the living animal.
Theory

Ratiometric imaging of biosensor probe activities
Ratiometric imaging of the genetically encoded fluorescent biosensor proteins provide internally calibrated measurements of cell signaling events [8, 9] . Typically, these probes rely on Förster resonance energy transfer (FRET) between donor and acceptor fluorescent proteins (FPs), which are arranged in tandem within the reporter module of the biosensor. The reporter module is linked by a sensing unit that is designed to detect a specific cellular event, such as the activity of kinases, or the binding of small molecules or protein ligands [10, 11] . Changes in the biosensor conformation that accompanies the targeted cellular event alter energy transfer within the reporter module. Because energy transfer quenches the donor signal while causing increased emission from the acceptor, the ratio of the donor and acceptor emissions provides a sensitive measure of the conformational change. Importantly, while the fluorescence intensity will vary with depth, provided the emission signals from the donors and the acceptors are similarly affected there will be no depth-dependent change in the ratio.
A limitation to ratiometric FRET measurements occurs when it becomes necessary to use two separate excitation wavelengths to acquire images of the donor and the acceptor fluorophores. Since IVM systems are usually equipped with a single infrared laser, switching to another wavelength requires re-tuning of the laser between acquisition of the two separate images. This may also involve realignment and a change in laser power, and this affects the speed at which images can be acquired, limiting the ability to measure dynamic changes in biosensor activity. Therefore, the ideal biosensors for IVM should need only a single 2PE wavelength to allow rapid acquisition of ratiometric measurements without re-tuning of the laser [12, 13] . Here, we demonstrate an IVM method for making ratiometric measurements of FRET-based biosensor activity that requires only a single excitation wavelength.
Additionally, we describe how some of the limitations to ratiometric measurements of fluorescence intensity can be overcome by measuring fluorescence lifetimes.
Fluorescence lifetime imaging microscopy (FLIM)
The fluorescence lifetime is the average time that a population of fluorophores spends in the excited state before returning to the ground state, and FLIM measures the duration of the excited state.
Because the measurements are made in the time domain, they are unaffected by variations in probe concentration, changes in the excitation intensity, and, provided there is sufficient signal-to-noise, will be minimally affected by light scattering. The fluorescence lifetime is an intrinsic property of every fluorophore, and it carries information about events that affect the excited-state. For example, energy 6 transfer is an excited-state process that quenches the donor fluorescence, and this shortens the donor lifetime. FLIM can quantify this change in lifetime, making it a powerful approach to measure FRET [14] .
FLIM has been used for intravital measurements of calcium biosensor activity in the central nervous system of living mice [15] . This, however, requires the collection of sufficient numbers of photons to accurately assign lifetimes to the individual fluorescent species, which can be limiting for deep-tissue imaging.
Phasor Plot Analysis of Lifetime Distributions
There is an alternative approach that does not require the assignment of lifetimes to individual fluorescent species. The method, known as the phasor plot, is used in frequency domain (FD) FLIM to provide a global representation of the distribution of lifetimes within a specimen. The mathematical theory that underpins FD lifetime measurements and the analysis by phasor plot are described elsewhere [16] [17] [18] . FD lifetime measurements are acquired using an excitation source that is modulated at high radio frequencies (usually between 10 to 400 MHz), which results in a modulated emission signal from the fluorophores. However, because of the persistence of the excited state, there is a phase delay (Φ) and a change in the modulation (M) of the emission signal relative to the corresponding excitation waveform ( Figure 1A This is illustrated by the phasor plot in Figure 1B , which shows the lifetime distributions for two purified cyan FPs that have identical spectra but different lifetimes. The lifetime for all image pixels (65,536 pixels for a 256 x 256 pixel image) is plotted relative to the universal semicircle, using color to indicate the incidence of pixel lifetime values from blue (highest) to red to yellow (lowest). The lifetime distribution for purified mTurquoise2 falls on the semicircle, indicating a single component lifetime decay of 4.5 ns. In contrast, the lifetime distribution for purified mCerulean falls inside the universal semicircle, which indicates the presence of more than one lifetime component ( Figure 1B ) [16] . Earlier chi-squared analysis showed that mCerulean best fit a two-component decay, with fractional lifetimes of 4.8 ns and 2.1 ns, resulting in an intensity-weighted average lifetime of 3.1 ns [14] . Despite the identical emission profiles for these two FPs, their distinct lifetimes allow phasor analysis to be used to determine the relative contribution of each to a mixture. The location of the lifetime distribution for a 50:50 mixture of the two FPs falls on a straight line directly between the distributions for the different pure species ( Figure 1B ) [18] . Together, this illustrates how the phasor plot analysis enables the direct visualization of complex lifetime decays, and allows the separation of distinct lifetime species in 8 mixtures.
The phasor plot approach has been used to improve the sensitivity of biosensor measurements in cells in culture [19] . However, the most innovative application of phasor analysis is in the measurement of intrinsic cellular auto-fluorescence signals, which can be used as an index of cellular metabolism in intact tissues [20, 21] . In the live animal, tissue auto-fluorescence arises principally from several biologically important metabolites, including the flavoproteins (flavin adenine dinucleotide, FAD) and the reduced form of nicotinamide adenine dinucleotide (NADH) [22, 23] . The phasor analysis of these auto-fluorescence signals can be used to generate lifetime distribution "fingerprints" that identify the unique metabolic states of different cell-types within a tissue, providing a label-free imaging tool to study metabolism in living tissues [24] . Here, we describe how IVM of fluorescence lifetimes can map cell-specific metabolic signatures in the tissues of live animals.
Materials and methods
Plasmids encoding standards and a biosensor for IVM
The use of FRET standards allows the verification and optimization of the IVM system for biosensor measurements [12] . We developed a series of plasmids encoding validated standards ranging from high to low FRET efficiency (E FRET ) that use the monomeric (m)Turquoise and mVenus FPs separated by linker peptides of increasing length. Turquoise is a brighter and more photo-stable variant of mCerulean that has the necessary spectral overlap with Venus for efficient energy transfer. Importantly, mTurquoise and mVenus have minimal 2PE crosstalk at 810 nm, permitting reasonably selective excitation of the donor [13] . Here, the FRET standards are used to verify biosensor measurements obtained with a 
Intravital ratiometric imaging of biosensor probes
All animal studies were approved by the Institutional Animal Care and Use Committee of Indiana University School of Medicine and conformed to the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996). IVM was conducted using an Olympus FV1000 system modified for multi-photon imaging and equipped with a heated 25X NA 1.05 water immersion objective as described earlier [25] . The laser was tuned to 810-nm and the emission signals were routed by spectral detection to the donor channel (454-494 nm) and acceptor channel (520-580 nm), and the signals were detected by photomultiplier tubes on the descanned detection pathway.
IVM of AKAR4.1 biosensor activity was conducted using 11 to 12-week-old C57BL/6 mice obtained from Jackson Laboratories (Bar Harbor, Maine). In vivo expression of AKAR4.1 was accomplished by tail vein injection of the Adenoviral (Ad)-CMV-AKAR4.1 vector (4.8 x 10 10 viral particles in 200 microliters saline per mouse) as described earlier [12, 13] . Seven days after Ad injection, mice were fasted for three hours, anesthetized with isoflurane and surgically prepared for intravital microscopy. A 2-cm ventral incision was placed just 1 cm below the rib cage to expose the liver, and a small section of PE50 tubing was secured in the abdominal cavity for intraperitoneal (IP) injection of glucagon on the stage of the microscope. The left lateral lobe of the liver was carefully secured to a glass bottom plate. The mouse was then placed ventral side down on a heated microscope stage and covered with a warming blanket [25] . After selecting a region of interest, image volumes from ten focal planes separated by one micron were collected before and for 15 minutes following the IP injection of 200 µg/kg glucagon.
FD FLIM measurements
The digital FD FLIM measurements were acquired using an Olympus FV1000 multiphoton microscope equipped with the FastFLIM data acquisition card and a two-detector unit (ISS Inc., Champaign, IL)
connected to the fiber port of the microscope. The system is equipped with a Spectra Physics MaiTai laser and gallium arsenide detectors, and the collected signals were digitized to 12-bit resolution.
Lifetime calibration is performed before each experiment using fluorescein (Sigma Aldrich #30181) dissolved in 1 mM NaOH (4 ns lifetime) [26] . Additional measurements are made of HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid, Santa Cruz Biotechnology #291738) dissolved in pH 7.8 phosphate buffer (5.3 ns lifetime) [27] or Coumarin 6 (Sigma Aldrich #546283) dissolved in EtOH (2.5 ns lifetime) [28] 
Intravital FLIM
Intravital FLIM was performed using the Olympus FV1000 multiphoton microscope described above equipped with a 60X NA 1.2 water-immersion objective. Animals were placed on the stage with the exposed intact kidney placed in a coverglass-bottomed dish (catalog #D5040P, Warner Instruments, Hamden, CT) bathed in isotonic saline as described earlier [33] . For FLIM measurements of cellular autofluorescence the laser was tuned to 800 nm excitation and 256 x 256 pixel images were acquired at a scan speed 12.5 μs/pixel. Typical laser power at the specimen plane was about 1 mW, and FLIM images were acquired by frame averaging 15 to 20 one-second scans to obtain an average of at least 100 photons per pixel. The emission signals were routed by a 560 nm long-pass beam splitter through the 470/100 nm or 630/92 nm band-pass filters to the detectors.
Results and discussion
Validating 2PE imaging of biosensor probe activities
The inherent challenges of measuring biosensor activities by IVM demand the use of standards to validate the method. This is accomplished by first measuring fluorescence from cells producing either the donor (mTurquoise) or the acceptor (mVenus) alone to determine the spectral bleedthrough (SBT)
13
components resulting from excitation at 810 nm. The method described here uses a single excitation wavelength, so it is also necessary to estimate the fractional excitation of the acceptor (Venus) at 810 nm using cells that produce a mixture of mTurquoise and mVenus, and cells producing the low-FRET standard (Turquoise-TRAF-Venus). Together, these measurements determine the SBT corrections that are required to quantify the FRET efficiency (E FRET ) of the standards (Figure 2A ) as described earlier [12, 13] .
The FRET standards are then used to evaluate and optimize the IVM system for ratiometric detection of biosensor activity in transfected HEK293 cells. The cells expressing a 1:1 mixture of mTurquoise and mVenus were used as a negative control, while the cells producing the low E FRET (~5%) standard, mTurquoise-TRAF-mVenus, were used to assess the sensitivity of the imaging system for FRET detection ( Figure 2A ). By contrast, the E FRET for cells producing the two high FRET standards, mTurquoise-5AA (amino acid)-Venus and mTurquoise-10AA-Venus were easily measured, and the two probes could be clearly distinguished from one-another. The E FRET determined from the cells expressing the highest E FRET standard, mTurquoise-5AA-Venus was about 45%, whereas measurements from cells expressing the mTurquoise-10AA-Venus standard produce E FRET of about 36% (Figure 2A ).
Once the system was validated with the FRET standards, the AKAR4.1 biosensor was used to monitor changes in intracellular PKA activities in response to Forskolin (Fsk). Freshly isolated primary cardiomyocytes were transfected with plasmids encoding either the AKAR4.1 or the mTurquoise-10AA-Venus FRET standard ( Figure 2B) . The 2PE ratiometric imaging demonstrated that the addition of Fsk to cells expressing AKAR4.1 resulted in a rapid increase in emission ratio of Ven/Turq over a 3-minute time frame. In contrast, the Ven/Turq emission ratio in cells expressing the mTurquoise-10AA-Venus standard did not change with Fsk treatment ( Figure 2B ) demonstrating the specificity of the biosensor for the detection of changes in intracellular PKA activity.
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IVM measurements of biosensor activity from living animals
The in vitro measurements of the standards and the biosensor provides the basis for moving forward with measurements of cellular function in the living animal. A primary challenge is the delivery of the biosensor probe to the desired tissue and cell-type in living animal. This has been achieved using transgenic mouse animal models, but there can be problems with this approach relating to transgene silencing or recombination events that occur between the highly homologous sequences in the reporter module [34, 35] . Viral transduction offers an alternative to the generation of transgenic animals, and enables the rapid expression of biosensor probes in living animals. Adenoviral transduction leads to robust, but transient, expression in certain tissues, including the liver [36] .
We used adenoviral transduction to achieve high level expression of the AKAR4.1 biosensor in the liver of mice. Seven days after injection with Ad AKAR4.1, the mice were fasted for 3 h, prepared for IVM, and ratiometric images were acquired with the IVM system illustrated in Figure 3A . Baseline images were collected, and imaging was continued after IP injection of glucagon (200 μg/kg), a treatment that will rapidly activate the PKA pathway in the hepatocytes of fasted mice [37] . The IVM of the AKAR4.1 biosensor revealed a 1.4-fold change in the Ven/Turq emission ratio following the glucagon treatment, demonstrating a rapid and sustained activation of PKA, which is detected at the cellular level in the liver of the living mouse ( Figure 3B ).
The advantage of this ratiometric IVM method is that it requires only a single 2PE wavelength to monitor the activity of genetically encoded biosensor probes produced in the cells of living animals.
The approach is limited, however, by the lack of cellular specificity in biosensor delivery, and by the possibility of inflammatory responses to Ad, which may limit its use in prolonged studies [36] . What is more, there have been reports that some biosensor probes have the potential to perturb the underlying cellular mechanism that they are designed to detect [38] . Therefore, there is a need for a label-free IVM method that can provide a fast, quantitative readout of the metabolic state of cells in the natural environment of the living tissue. Next, we describe how intravital FLIM can be used for label-free measurements of metabolic events within cells in the living animal.
FLIM measurements of intrinsic cellular fluorescence
Intravital FLIM can quantify the lifetime properties of the intrinsic fluorophores that contribute to cellular auto-fluorescence in living tissues. Several important cellular metabolites contribute to autofluorescence emissions, including NAD(P)H and FAD. NADPH cannot be easily distinguished from NADH, and the fluorescence lifetimes of NADPH and NADH in solution are identical. Therefore, the autofluorescence intensity will reflect both NADH and NADPH, and is typically denoted as NAD(P)H [22] . The emission wavelengths of these intrinsic fluorophores all strongly overlap, and their quantum yields depend on whether they are in a bound or free state [21] [22] [23] . This substantially limits the ability of intensity measurements to distinguish the individual intrinsic fluorescent species with certainty. In striking contrast the fluorescence lifetimes of the intrinsic auto-fluorescence can be distinguished by phasor analysis [20, 21, 29, 30] . The phasor approach enables intravital FLIM to be used to map cellspecific metabolic signatures in the tissues of live animals without the need to determine the lifetimes for individual species.
To demonstrate the separation of the distinct lifetimes for intrinsic fluorescent species by phasor plot, standard solutions of cellular fluorophores were prepared and lifetimes determined using 2PE FLIM (Figure 4) . The FLIM system was calibrated before each experiment using a solution of fluorescein [26] , and verified with HPTS [27] or Coumarin 6 [28] . Measurements were then made from solutions of FAD, bound and free NADH, retinol, and retinoic acid. The phasor plot was used to represent the lifetime distributions for each individual fluorophore. The lifetime distribution for fluorophores with single-component decays, such as fluorescein, fall directly on a universal semicircle, whereas the lifetime distributions for fluorophores with multi-component decays fall inside the semicircle (Section 2.3, see Figure 4A ). Next, the indicated mixtures of NADH and FAD were measured, and the phasor plot confirmed that the lifetime distributions of the mixtures fall on a straight line between the pure species [18] , which defines the FAD-NADH lifetime distribution axis ( Figure 4B ).
Together, this demonstrates how the phasor analysis of intrinsic lifetimes can separate the signals from cellular auto-fluorescent sources despite the strongly overlapping emissions.
FLIM in living animals
The combination of intravital FLIM and the phasor approach allows the direct visualization of complex lifetime decays emanating from individual cell-types in unlabeled tissues in the living animal. The distribution of intrinsic fluorescence lifetimes within the phasor plot is called the phasor fingerprint, and this represents all the contributions from the endogenous fluorophores. Importantly, the phasor fingerprint of intrinsic fluorescence can be acquired rapidly at relatively low laser power (about 1 mW for our system), and it provides a global overview of cellular metabolism without the need to identify the individual metabolites in the tissue [20, 21] .
Here, intravital FLIM of the mouse kidney was accomplished using the imaging system illustrated in Figure 5A . A 2PE fluorescence intensity image was first acquired from a region of the mouse kidney ( Figure 5B ). The first (S1) and second (S2) segments of proximal tubules, as well as distal tubules (DT)
can be identified in the intensity image based on morphology [33] . A FLIM image was then acquired from the same region, and the phasor plot is generated using the VistaVision software (ISS Inc., Champaign, IL). The software is used to create a FLIM image that is gated for specific lifetime distributions identified in the phasor plot, generating a color-coded phasor image. The color-coded phasor image in Figure 5C was derived by highlighting the image pixels that correspond to the lifetimes within selected regions of interest (ROI) in the phasor fingerprint ( Figure 5D ). The gated lifetime ROI in the phasor fingerprint are indicated by the red, yellow, orange, and green circles ( Figure 5D ), and pixels that correspond to those gated lifetimes are highlighted in Figure 5C with the color corresponding to each circle. The ROI in the phasor fingerprint were selected to illustrate the lifetime distributions most characteristic of the S1 segments of proximal tubules, and the DTs. These results revealed that S1
proximal tubules and DTs have very similar metabolic signatures despite the marked differences in their biological function and morphological appearance [39] . These intravital FLIM results also demonstrate that the lifetime distributions characteristic of the S1 and DTs differed substantially from that of the S2 segments, indicating different metabolic microenvironments in those two regions. Additionally, the phasor fingerprint identified the distinct lifetime signature for the non-cellular contents of the urinary lumen of the DT ( Figure 5C , green) that falls outside the FAD-NADH lifetime distribution axis.
Conclusions
IVM provides some of the most relevant information available about cellular physiology and pathophysiology in the context of intact tissue in the living animal. This is critical, since cellular pathologies develop while integrated within the complex tissue environment in vivo. To examine the origins of pathologies it is necessary to study them in the setting of the full cellular organization, ideally in 3D and in real-time, inside the living animal [40] . However, imaging in highly scattering biological tissue presents substantial challenges to the quantitative analysis of the optical signals. Some of these challenges are overcome using ratiometric imaging of biosensor probes by IVM. Because these ratiometric probes are internally calibrated, they are less affected by depth-dependent signal attenuation than intensity-based imaging methods.
Measurements collected at greater depths, however, will suffer from signal degradation, and wavelength-dependent differences in scattering can introduce depth-dependent effects on ratiometric measurements collected in biological tissues [6, 7] . We find that useful signal in both the blue (480 nm) and yellow (530 nm) channel diminish before there is an obvious wavelength-dependent effect on the emission ratio, but others demonstrated minor effects of depth on ratiometric FRET measurements [7] .
Therefore, studies collected over a range of depths should be evaluated for systematic effects of depth on ratiometric measures.
The use of a single 2PE wavelength described here allows rapid measurements of the spatial and temporal characteristics of cell signaling, but it is particularly important to use standards to validate the IVM measurements of biosensor probes. A substantial limitation to the ratiometric approach, however, is the problem of delivering the biosensor probes to specific cell types in the living animal. Moreover, there is the potential that producing the exogenous biosensor probes in the target cells may perturb the underlying cellular mechanisms they are designed to detect [38] .
Compared to ratiometric imaging methods, FLIM can provide a robust method for imaging in the complex tissue environments [41] , particularly when it is applied to label-free measurements of cellular metabolism in the living animal. The analysis of intravital FLIM measurements of intrinsic autofluorescence by phasor plot allows the global representation of the distribution of lifetimes within a tissue, and can reflect differences in metabolism at the cellular level. Theoretically, it should be possible to identify and quantify the cellular contributions of individual intrinsic fluorophores using intravital FLIM, provided the integration times are sufficiently long to accumulate enough photon counts. 
